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ABSTRACT We have asked whether comparative genome
analysis and rat transgenesis can be used to identify func-
tional regulatory domains in the gene locus encoding the
hypothalamic neuropeptides oxytocin (OT) and vasopressin.
Isotocin (IT) and vasotocin (VT) are the teleost homologues of
these genes. A contiguous stretch of 46 kb spanning the Fugu
IT-VT locus has been sequenced, and nine putative genes were
found. Unlike the OT and vasopressin genes, which are closely
linked in the mammalian genome in a tail-to-tail orientation,
Fugu IT and VT genes are linked head to tail and are separated
by five genes. When a cosmid containing the Fugu IT-VT locus
was introduced into the rat genome, we found that the Fugu IT
gene was specifically expressed in rat hypothalamic oxytocin-
ergic neurons and mimicked the response of the endogenous
OT gene to an osmotic stimulus. These data show that
cis-acting elements and trans-acting factors mediating the
cell-specific and physiological regulation of the OT and IT
genes are conserved between mammals and fish. The combi-
nation of Fugu genome analysis and transgenesis in a mammal
is a powerful tool for identifying and analyzing conserved
vertebrate regulatory elements.

The pufferfish, Fugu rubripes, has a 400-Mb genome that is
about 7.5 times smaller than the human genome (1). We have
been exploring the utility of this genome as a ‘‘reference’’
vertebrate genome, and we are interested in the extent to which
gene structure, linkage, and regulatory function have been
conserved over the 400 million years since fish and tetrapods
diverged (2–4). To explore this concept further, we have
studied the evolutionarily ancient vertebrate genes that encode
the neuropeptide hormones oxytocin (OT) and vasopressin
(VP). Mammalian OT primarily is involved in parturition and
lactation, and VP is involved in the maintenance of salt and
water balance. The genes encoding the OT and VP prepro-
hormones are highly homologous at both the structural and
sequence levels and are linked in the mammalian genome in a
tail-to-tail manner with intergenic regions ranging from 3 kb
(mouse, ref. 5) to 12 kb (human, ref. 6; rat, ref. 7). The two
genes are expressed in distinct magnocellular neurons of the
supraoptic nuclei (SON) and paraventricular nuclei (PVN) of
the hypothalamus. In addition, VP is expressed in the parvo-
cellular neurons of the PVN and suprachiasmatic nuclei.
Because no neuronal cell lines express OT and VP, transgen-
esis that uses mice and rats as hosts has become the method of
choice for the functional analysis of the OT (8–10) and VP
(11–14) genes.

In cyclostomes, the most primitive vertebrates, only the VP
homologue called vasotocin (VT), is synthesized. However,
teleosts contain two genes, VT and isotocin (IT), which
probably have arisen by a duplication of the single parental

gene. Teleost VT and IT are synthesized in separate neurons
in the preoptic nuclei of the hypothalamus (15, 16). Although
VT has been implicated in the maintenance of salt-water
balance, the biological roles of VT and IT are ambiguous (17).
We have cloned and sequenced the Fugu IT-VT locus and
shown that it contains at least nine genes. To identify con-
served regulatory elements, we have generated transgenic rats
bearing a Fugu cosmid from the IT-VT locus and analyzed the
expression of the IT and VT genes in transgenic rats.

MATERIALS AND METHODS

Cloning and Sequence Analysis. A Fugu genomic cosmid
library (constructed in LAWRIST 4 by Greg Elgar, UK HGMP
Resource Centre, Cambridge) was screened with a full-length
rat VP cDNA (11), and five overlapping cosmids were isolated.
Of these five, two cosmids 55F6 (43-kb insert) and 370B2
(39-kb insert) were selected for detailed restriction mapping,
subcloning, and sequencing. The sequences were obtained by
a combination of ‘‘shotgun’’ sequencing and primer walking on
an Applied Biosystems 373 automatic DNA sequencer. Se-
quences were searched for homology by using the nonredun-
dant protein database of the National Center for Biotechnol-
ogy Information. Hypothetical gene sequences were predicted
by using XGRAIL (version 1.3c).

Generation of Transgenic Rats. All animals were cared for
in accordance with National Institutes of Health guidelines.
DNA of cosmid 55F6 was linearized by digesting with RsrII,
which has a unique site in the vector arm and is used for
microinjection. Transgenic rats were generated by microinjec-
tion of fertilized one-cell Sprague–Dawley rat eggs according
to procedures previously described (18). Founders were iden-
tified by Southern hybridization analysis of the tail DNA by
using Sau3A fragments of the cosmid 55F6 as probes. These
probes do not hybridize to the DNA of wild-type rats. Inde-
pendent transgenic lines were generated by crossing founders
with wild-type Sprague–Dawley mates. Only Southern blot-
positive transgenic rats were used for expression analysis.

Northern Blot Analyses. Total cellular RNA was extracted
from 8- to 10-week-old rats and analyzed by Northern blotting
as described (8). The Northern filters were probed with
gene-specific oligonucleotides end-labeled with [g-32P]ATP.
The rat VP probe is a 48-mer corresponding to the sequences
encoding the last 16 amino acids of VP exon III (19). The rat
OT probe is a 41-mer complementary to the seven bases of the
59 untranslated region and 34 bases of the coding sequence
(59-CCAAGCAGGCAGCAAGCGAGACTGGGGCAGGC-

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked ‘‘advertisement’’ in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1997 by The National Academy of Sciences 0027-8424y97y9412462-5$2.00y0
PNAS is available online at http:yywww.pnas.org.

Abbreviations: OT, oxytocin; VP, vasopressin; SON, supraoptic nuclei;
PVN, paraventricular nuclei; VT, vasotocin; IT, isotocin; ZF, zinc
finger.
Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. U90880).
†To whom reprint requests should be addressed. e-mail: mcbbv@nus.sg.
§Present address: Molecular Neuroendocrinology Group, Department
of Medicine, University of Bristol, Bristol Royal Infirmary, Marlbor-
ough Street, Bristol BS2 8HW, United Kingdom.

12462



CATGGCGTT-39). The Fugu IT probe is a 40-mer comple-
mentary to the last 11 bases of the last exon and 29 bases of the
39 untranslated region (59-ACACCTTGTTGCCGGGAGA-
AGCCCGTTAGTGAGTCTGATG-39). The Fugu VT probe
is a 40-mer complementary to the last 40 bases of the last exon
(59-TCAGTACTCGCTCTGTCCTCTGCTGCTCATGTGC-
AGCAGA-39). The IT and VT antisense oligos were comple-
mentary to the sequences of the IT and VT probes, respec-
tively. The levels of RNA were determined by densitometric
scanning of autoradiograms by using the Visage 110 (BioIm-
age, Ann Arbor, MI) with the SUNVIEW program, normalized
by the measured level of a-tubulin RNA, and expressed as a
percentage of the mean of the control group 6 SE.

In Situ Hybridization. Tissues were frozen in OCT, and
serial sections of 10 mm were cut in a cryostat. The sections
were hybridized with 35S(dATP)-labeled probes (20) or simul-
taneously with 35S(dATP) and digoxigenin(dUTP)-labeled
probes (21). The hybridized digoxigenin-labeled probes were
detected with a peroxidase-conjugated antibody recognizing
digoxigenin (Boehringer Mannheim). Oligonucleotide probes
used in these experiments were the same as those used in the
Northern analysis. Antisense oligos to IT and VT probes were
used as controls.

RESULTS

Structure of the Fugu IT-VT Locus. By using a rat VP cDNA
as a probe we isolated overlapping Fugu cosmid genomic
clones and sequenced a contiguous stretch of 46 kb (Fig. 1).
The Fugu IT and VT genes, in contrast to their mammalian
counterparts, are found in tandem, in a head-to-tail array,
separated by 24.4 kb. In addition to the IT and VT genes, the
locus contained seven more genes: a zinc finger (ZF) protein
gene, a fatty acid binding protein gene, a sepiapterin reductase
gene, a gene with homology to a human cDNA of unknown
function isolated from a myeloblast cell line (accession no.
1665795), and three hypothetical genes. The ZF gene is a novel
ZF gene, which comprises five exons that code for a putative
protein of 490 residues containing 11 ZF domains of C2H2
type. Seven GT-AC16–46 repeats and a single CTAT27 repeat
are the only repetitive elements found in this locus.

Southern analysis revealed that the IT and VT genes are
present as single copies in the Fugu genome (data not shown).
The two genes have a three-exon structure similar to the VT
genes in cyclostomes (22), other teleosts (23), and chicken (24),
and the VP and OT genes in mammals (5, 6, 25, 26). The
genomic sequence of the teleost IT gene has been character-
ized only in the white sucker (27), but, unlike the Fugu IT, both
copies of IT genes in this tetraploid teleost are devoid of
introns. The Fugu IT and VT code for preprohormones of
similar length (155 and 153 amino acid residues, respectively)

and show considerable homology in their nucleotide and
amino acid sequences. The homology is highest in the second
exon (85% of nucleotides and 87% of amino acid residues are
identical), which codes for the neurophysin molecule.

Transgenic Rats Bearing Fugu Genomic Cosmid. Trans-
genic rats were generated by microinjecting linearized Fugu
cosmid 55F6 into fertilized one-cell stage rat eggs. Altogether
about 900 eggs were injected with the linearized cosmid. Sixty
percent of them survived microinjection and were transferred
to 20 surrogate mothers. Of the 50 pups born, six were
transgenic. One of the founders (designated 46.5) was sterile,
and two (46.3 and 46.4) did not show germ-line transmission.
The other three, 46.1, 46.2 and 46.6, which showed germ-line
transmission, were used for expression studies. Integration of
the entire cosmid insert into the genome of these lines was
confirmed by probing Southern blots of RsrII-digested
genomic DNA with HindIII fragments of the cosmid 55F6.

Expression of the Fugu IT and VT Transgenes in Rats.
Northern analysis of various transgenic rat tissues revealed IT
RNA in the hypothalamus and testis of rats from transgenic
lines 46.1 (Fig. 2A), whereas in the other two lines, 46.2 and
46.6, IT transcripts were detected only in the testis. VT gene
expression was detected in the testis from all three lines of
transgenic rats. The sizes of IT and VT transcripts in the
hypothalamus and testis of transgenic rats were about 1,000
bases, similar to the sizes of IT and VT mRNA expressed in the
Fugu brain (data not shown).

Expression of the Fugu IT Transgene in Rat Hypothalamus.
Because Northern analysis showed that IT gene expresses in
the hypothalamus of rats from the transgenic line 46.1, we
performed in situ hybridization of brain sections from this line
to identify the cell type in which IT gene is expressed. The in
situ analysis clearly showed that IT RNA is expressed specif-
ically in the magnocellular neurons of the SON and PVN in the
hypothalamus (Fig. 3). In situ hybridization revealed a similar
pattern of IT gene expression in the hypothalamus from the
other two transgenic lines, 46.2 and 46.6, in which expression
of IT gene was not detected by Northern analysis. Probing of
brain sections from the three transgenic lines with VT probe
did not detect VT transcripts in any part of the brain (data not
shown).

To determine if IT gene expresses in the oxytocinergic
andyor vasopressinergic neurons in the SON and PVN, we
hybridized adjacent brain sections simultaneously with two
probes, either IT probe labeled with 35S and OT probe labeled
with digoxigenin, or IT probe labeled with 35S and VP probe
labeled with digoxigenin. Probing with IT and VP showed that
the IT gene expresses in magnocellular neurons distinct from
those expressing VP transcripts in the SON and PVN. In the
adjacent sections that were probed with IT and OT probes, IT

FIG. 1. Schematic representation of the Fugu IT-VT locus. A 46-kb sequence (thick line) was obtained from cosmids 55F6 and 370B2. Only
HindIII sites (H) are shown. Arrows represent complete genes and indicate the direction of transcription. Hatched rectangles represent the cosmid
arms (not to scale). KIAA, gene with homology to a human cDNA (KIAA0264) whose function is not known; FA, fatty acid binding protein gene;
SR, sepiapterin reductase gene; H1, H2, and H3, hypothetical genes.
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and OT transcripts were found to express in the same mag-
nocellular neurons in both SON and PVN (Fig. 4).

Expression of the Fugu IT and VT Transgenes in the Rat
Testis. In situ hybridization of testis sections showed that the
Fugu IT and VT genes express in the seminiferous tubules of
testis from all three expressing transgenic lines. A represen-
tative section of testis probed with 35S-labeled IT is shown in
Fig. 3. The distribution of IT and VT signals within the
seminiferous tubules suggests that these genes are expressed in
the Sertoli cells of the seminiferous tubules. Differences were
seen in the levels of IT and VT signals in seminiferous tubules
containing germ cells at different stages of spermatogenesis.
The IT and VT transcripts were abundant in seminiferous
tubules with early-stage germ cells, whereas their levels
dropped in tubules with fully developed spermatids (Fig. 3),
suggesting a developmental-stage-specific regulation of their
expression.

Regulation of the Fugu IT Transgene Expression by Phys-
iological Stimuli. Rats from transgenic line 46.1 were sub-
jected to osmotic challenge by withdrawing dietary water for
3 days. Their littermates fed with tap water served as the
control group. Total RNA extracted from the hypothalamus
and testis from dehydrated and control groups of transgenic
rats were analyzed by Northern blotting to determine the effect
of osmotic challenge on the expression of the IT transgene by
using a-tubulin as an internal control. The osmotic stimulus
induced a 6-fold increase in the abundance of the IT transcripts
in the transgenic rat hypothalamus (control: 100 6 20; dehy-
drated 583 6 128: P , 0.05; n 5 5 in each group) (Fig. 2B).
This was in parallel with the response of the endogenous OT
transcripts, which showed a 2-fold increase (control, 100 6 15;
dehydrated 192 6 13; P , 0.05). However, unlike the endog-
enous OT transcripts, which showed an increase in their length
in dehydrated rats, no apparent increase was seen in the size
of the Fugu IT mRNA (Fig. 2B). No significant difference was
found in the levels of IT transcripts in the testes from normal
and dehydrated rats (data not shown). Neither Northern
analysis nor in situ hybridization detected VT expression in the
hypothalamus of dehydrated transgenic rats.

DISCUSSION

Teleosts have a body plan similar to the higher vertebrates and
possess all the complex physiological functions found in higher
vertebrates. Thus, it might be expected that teleosts and
mammals contain a similar repertoire of genes. Because the
genome of the Fugu is 7.5 times smaller than that of mammals,
we predicted a higher gene density in the Fugu than in higher
vertebrates (1). The 46 kb from the Fugu IT and VT locus
contains at least nine genes. This corresponds to a gene density
of one gene per 5 kb and is similar to that reported for the Fugu
homologue of the human AD3 locus, which contains seven
protein-coding genes in a span of 40 kb (28).

The head-to-tail arrangement of the Fugu IT and VT genes,
as compared with the tail-to-tail orientation of the mammalian
OT and VP genes, suggests a localized rearrangement in this
locus. One possible model of rearrangement is shown in Fig.
5. Inverted duplication is a common feature of gene amplifi-
cation events in mammalian cells and has been proposed to be
the primary event in the amplification of DNA (29). Tail-to-
tail arrangement of genes that are believed to have arisen by
duplication of an ancestral gene, such as the a- and b-globin
genes from the Atlantic salmon (30), supports this hypothesis.
It therefore is possible that duplication of the ancestral VT
gene of cyclostomes resulted in a tail-to-tail orientation of the
two copies of genes. Subsequently, in the lineage that led to the
Fugu, a fragment of DNA containing the VT gene has under-
gone inversion, resulting in a head-to-tail orientation of the IT
and VT genes. We have not found any unusual sequences such
as transposons in the Fugu IT-VT locus that might have been
involved in such an inversion. Our model predicts a tail-to-tail
orientation of IT and VT genes in some primitive fish that gave
rise to the tetrapod lineage.

FIG. 2. (A) Expression of Fugu genes in transgenic rats. WT-Hypo,
hypothalamus from wild-type rats; TG-Hypo, hypothalamus from
transgenic rats; Brain (2Hypo), brain without hypothalamus. Adrenal
glands and ovary from three rats were pooled to obtain adequate RNA
for Northern analysis. RNA was fractionated on a 1.2% gel, trans-
ferred to nylon membrane (Amersham), and probed with various
probes. Each lane contains approximately 20 mg (hypothalamus) or 50
mg (other tissues) of total RNA. IT and VT probes did not hybridize
to RNA from the testis of wild-type rats (data not shown). (B) Effect
of dehydration on levels of transgene expression. Each lane contains
approximately 20 mg of total RNA from the hypothalamus of trans-
genic rat that was given tap water (control) or deprived of fluid for 3
days (dehydrated). A oligonucleotide probe recognizing rat a-tubulin
(TUB) was used as internal standard for quantitation. FIG. 3. In situ hybridization of brain and testis sections from

transgenic rats. Tissue sections were hybridized with 35S-labeled
isotocin probe. OC, optic chiasma; 3V, third ventricle; S, spermatozoa.
(Left) Sections were photographed under bright-field. The same
sections were photographed in the dark-field (Right) to show the
distribution of silver grains. IT transcripts were found only in the SON
and PVN of the hypothalamus. No VT transcripts were found in any
part of the brain. The IT probe did not hybridize to brain sections from
the wild-type rats. The antisense oligonucleotide for IT probe did not
bind to any cells in the brain or testis from transgenic rats (not shown).
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We used these genes to study the conservation of regulatory
elements by generating six independently derived lines of
transgenic rats bearing a Fugu cosmid (55F6) from the IT-VT
locus. In this case, the rat is a favored host over mouse for VP
and OT transgenes, because the physiological and central
nervous systems of rats can be studied easily.

Northern analysis and in situ hybridization showed that the
Fugu IT gene specifically is expressed in the rat hypothalamus
and testis, whereas the VT gene is expressed only in the testis.
Although hypothalamic expression of IT gene was detected by
Northern blotting in only one of the rat lines (46.1), in situ
hybridization showed specific expression of IT in the SON and
PVN in all three expressing lines of rats. Failure to detect IT
transcripts by Northern blotting in the two lines, 46.2 and 46.6,
appears to be caused by overall lower level of expression.

In mammals, the OT and VP genes are expressed in different
magnocellular neurons of the SON and PVN of the hypothal-

amus. Similarly, VT and IT transcripts are synthesized in
distinct neurons in the preoptic nuclei of teleost hypothalamus
(15, 16). The double in situ analysis of brain sections from
transgenic rats clearly showed that the Fugu IT gene is
expressed in oxytocinergic, but not in vasopressinergic, mag-
nocellular neurons in the SON and PVN. These results dem-
onstrate that the cis-acting sequences directing the cell-specific
expression of the OT gene are conserved in the Fugu IT-VT
locus, and that these elements are recognized by the trans-
acting factors of the rat neuronal cells.

Mammalian VP and OT gene expression is modulated by
physiological stimuli and the stages of gestation and lactation
(31). In the rat, osmotic challenge results in an increase in the
amounts of both the VP and OT mRNAs, as well as a
lengthening of their poly(A) tails (32, 33). To analyze the
physiological response of the IT gene, we subjected transgenic
rats to an osmotic challenge. This stimulus induced a 6-fold
increase in the level of IT expression in the hypothalamus of
the transgenic rats. These results demonstrate that the cis-
acting elements mediating the osmotic-stimulus regulated
expression of the OT gene in the hypothalamus are conserved
in the Fugu IT gene and are recognized by the rat trans-acting
factors.

The physiological significance of the expression of the Fugu
IT and VT genes in the rat testis is not clear. In rats and mice,
neither VP nor OT transcripts could be detected in the testis
by Northern blotting. However, OT transcripts have been
detected in the rat testis by PCR (8, 34). In cattle, high levels
of OT RNA, but not VP RNA, have been detected in the testis
by Northern analysis (8). The expression of IT and VT genes
in teleost testis has not been studied, and therefore, we do not
known whether the expression of the Fugu IT and VT genes in
the rat testis is caused by uncontrolled transcription or the
reflection of their expression pattern in the fish.

The lack of expression of the VT gene in the rat hypothal-
amus suggests that the regulatory elements mediating the
hypothalamic expression of the VT gene all may not be present
on cosmid 55F6. Transgenic studies in rats and mice have

FIG. 4. Double in situ hybridization analysis. Adjacent sections of
brain were hybridized simultaneously with 35S-labeled IT probe and
digoxigenin-labeled OT probe (IT-OT) or with 35S-labeled IT probe
and digoxigenin-labeled VP probe (IT-VP). Silver grains represent the
hybridized radioactive probe, and the gray-brown patches are the
result of color reaction of the hybridized digoxigenin probe. The IT
transcripts colocalize with endogenous OT transcripts in the SON and
PVN, but not with the VP transcripts. OC, optic chiasma.

FIG. 5. A simple model to show the rearrangement in the IT-VT
locus. The open arrows represent genes (VT; IT; FA, fatty acid binding
protein; SR, sepiapterin reductase; and ZF) and indicate the direction
of their transcription.

FIG. 6. Conserved sequences in the promoter and 39 regions of the Fugu IT and the rat OT genes. Homologous regions from the Fugu IT-VT
locus and the rat OT-VP locus (7) were compared by using MartinezyNeedleman–Wunsch algorithm of the LASERGENE software (DNAstar,
Madison, WI). Only sequences that show at least seven conserved bases at a stretch are shown. The numbers in A and B refer to the position of
the bases in relation to the first base of the translation initiation codon and the termination codon, respectively. p denote conserved bases.
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indicated that the critical elements required for the hypotha-
lamic expression of VP reside in the 39 region (13, 14), and
some of these sequences may be present outside of the 800 bp
of the 39 region of the VT gene on cosmid 55F6. We now are
testing this hypothesis by generating transgenic rats bearing
another Fugu cosmid (370B2, see Fig. 1), which contains about
10 kb of sequence downstream of the VT gene.

The promoter region of the Fugu IT gene contains a
potential cAMP-responsive element, TGACGTCA, and an
estrogen, retinoic acid, and thyroxine-responsive element,
TTGACC, (2,518 bp and 446 bp upstream of the first codon,
respectively) that are conserved in the mammalian OT pro-
moter region (31). We have found other conserved sequences
by comparing homologous regions from the Fugu IT and rat
OT genes (Fig. 6), but the functional significance of these
sequences is unknown. Complementary sequence
(GAAAAATCACAA) of one of these sequences, TTGT-
GATTTTTC, has a high homology to the osmotic response
element characterized in the aldose reductase genes from
rabbit (CGGAAAATCAC, ref. 35) and humans (TG-
GAAAATCAC, ref. 36). It is possible that this conserved
sequence mediates the osmotic-stimulus regulated expression
of the OT and IT genes in the hypothalamus.

It previously has been shown in transgenic mice that a
conserved noncoding sequence in the Fugu Hoxb-4 gene
linked to a lacZ reporter construct was able to direct expres-
sion to neural tube similar to the endogenous mouse sequence
(2). We have extended this study to show that the Fugu IT gene
is specifically transcribed in rats and contains conserved
elements of sequence that direct expression of the IT gene in
the specific oxytocinergic neurons in the rat hypothalamus.
The locus also must contain sequences involved in the response
to an osmotic stimulus. Fish and rats are separated by 400
million yr, and irrelevant sequences will have had sufficient
time to randomize, allowing significance to be assigned to any
sequence that is totally conserved. Because the Fugu genome
is compact, transgenic rats can be generated with cosmids
containing several genes at the same time. It should be
relatively easy to identify and characterize conserved regula-
tory elements by using an approach that combines comparative
Fugu and mammalian genome analysis, and transgenesis in the
rat.
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